Arguments for the confinement of transverse gauge field excitations, which are based upon superconvergence relations of the propagator, and upon the BRST algebra, are reviewed and applied to supersymmetric models. They are shown to be in agreement with recent results obtained as a consequence of holomorphy and duality in certain N = 1 SUSY models. The significance of the one loop anomalous dimension of the gauge field in the Landau gauge is emphasized. For the models considered, it is shown to be proportional, with negative realtive sign, to the one loop coefficient of the renormalization group function for the dual map of the original theory.
Recent advances in the understanding of the phase structure of supersymmetric gauge theory models [1, 2, 3] make it possible to compare general arguments for the confinement of transverse gauge field excitations [4, 5] with the results obtained on the basis of holomorphy and duality. For the specific supersymmetric models considered, we find that our conclusions about confinement [6] , which are related to the superconvergence of the gauge field propagator, are in agreement with results obtained on the basis of duality.
The comparison leads to new insights concerning the physical significance of the one-loop coefficient γ 00 of the gauge field anomalous dimension in the Landau gauge (α = 0, a fixed point in α). Previous work on the structure and the asymptotic behavior of the gauge field propagator [7, 8, 9] , and on confinement, [4, 10] has already shown that the coefficient γ 00 , and in particular it's sign, can be of physical importance.
In this talk, I first briefly review the arguments, based upon superconvergence, for the confinement of transverse gauge field excitations in the presence of a limited number of matter fields. Applying these methods to N = 1 supersymmetric gauge theories in the Wess-Zumino gauge, I describe how the appropriate coefficient γ 00 for the gauge field becomes proportional to the negative of the one loop coefficient β d 0 of the renormalization group function β d (g 2 ) for the dual map of the gauge theory considered. This feature is of direct relevance for confinement. The "electric" and the "magnetic" versions of the theory should have the same low energy properties. Since γ 00 < 0 is associated with β d 0 > 0, it implies IR-freedom for the magnetic formulation, which is then the appropriate low energy description in terms of composites formed by the confined, elementary, electric quanta. The comparisons I discuss here are very preliminary. Much work remains to be done in this area. In view of the specific assumptions made in applying superconvergence arguments, there may be many models where a simple comparison is not possible.
In previous work [4] , we have considered confinement on the basis of analytic and asymptotic properties of the gauge field propagator within the framework of a covariant formulation of the gauge theory [11] . Using the BRST cohomology, and the assumption of completeness of the BRST operator [12, 4] , a covariant physical space H is defined within the general state space V of indefinite metric. Confined excitations are then states, which are not elements of H. With other unphysical quanta, like ghosts and longitudinal and time-like gauge excitations, they form quartet representations of the BRST algebra in V [13] .
Let D(k 2 ) be the structure function for the transverse gauge field propagator. It follows from Lorentz-covariance and the spectral condition, that this function is analytic in the cut k 2 -plane with branch lines along the positive real axis. Using renormalization group methods, we find for all linear, covariant gauges (α ≥ 0) , and for k 2 → ∞ in all directions [7] of the complex
The corresponding asymptotic terms for the discontinuity along the positive, real k 2 -axis are given by
Here κ 2 < 0 is the normalization point, and
are the limits g 2 → 0 of the anomalous dimension and the renormalization group function, while α 0 = −γ 00 /γ 01 . It is always assumed that we have asymptotic freedom, so that β < 0.
We reproduce the formulae given above, in order to emphasize the importance of the one loop coefficient γ 00 = γ 0 (α = 0) in determining the essential asymptotic term in all gauges. In the derivation of these asymptotic expressions, we have made the assumption that the exact propagator connects with the perturbative expression in the weak coupling limit g 2 → +0, at least as far as the leading term is concerned.
In this talk, we consider massless gauge theories, but intrinsic masses may be accommodated by the use of mass independent renormalization schemes [16] . We also use the Landau gauge. The use of other covariant gauges is possible, but more complicated. Since confinement is a physical notion, it is sufficient to argue in a particular gauge.
It follows from Eq.(1) for α = 0 , that D(k 2 ) vanishes faster than k −2 for k 2 → ∞ in all directions, provided we have γ 00 < 0 , β 0 < 0. Consequently, we get the superconvergence relation [8, 9] 
On the other hand, there is no superconvergence for γ 00 > 0 , β 0 < 0. The superconvergence relation (4) gives a direct connection between high and low energy properties of the gauge theory. We note that the discontinuity ρ represents the norm of the statesÃ µν (k)|0 , where
With test functions C a µν (k), we form states
and obtain the norm
where
Our arguments for confinement make intensive use of renormalization group methods and of the BRST algebra. We refer to Ref. [4] for a discussion of the many details. In essence, we consider the functions
which are given by representations of the form
where ρ + (k 2 ) is the contribution to ρ(k 2 ) from all positive norm states of the formÃ µν |0 , while ρ p (k 2 ) is due to representatives of the corresponding physical states. We show that these separations are exclusive, covariant, and defined a fashion which is invariant under renormalization group transformations. For both functions, the renormalization group gives a connection between the behavior for k 2 → ∞, g 2 fixed and g
and there are physical gauge field quanta (gluons in QCD), the weak coupling limit g 2 → 0 of D p and ρ p should be bounded and related to the perturbative gluon pole term. But for γ 00 < 0, β 0 < 0 , it follows from our analysis that D p and ρ p diverge for g 2 → 0 at least like (g 2 ) −γ 00 /β 0 . Hence we are led to the conclusion that ρ p = 0 in this region of N F , and all positive norm states of the formÃ µν |0 are not elements of the physical state space H. The alternative to the divergence of D p would be superconvergence for k 2 → ∞, which also implies ρ p = 0, because of the positive norm. We refer to Ref. [4] for questions about multipole terms and other details.
In contrast to the situation described above, there is no superconvergence for the region of N F where γ 00 > 0, β 0 < 0, and no divergence of Dp in the weak coupling limit. Our argument for confinement is not applicable, 
The asymptotic limit of σ(k 2 ) is given by
with the positive coefficient C R (g 2 , 0) > 0, where
We first consider the case γ 00 < 0. Using the relations given above, we find, for large values of
Here K 2 ≥ 0 is the largest finite zero of ρ(k 2 ). Since ρ is negative asymptotically, and since it cannot be negative for all k 2 ≥ 0 in view of the superconvergence relation (4), there must be at least one zero. The position K 2 is renor-
and it is easily shown to vanish exponentially for g 2 → +0 proportional to exp(
The dipole weight function σ has a maximum at K 2 , from where it decreases to zero as k 2 → ∞. We do not know it's shape for k 2 below the maximum, except that it is identically zero for negative values of k 2 . If the maximum at K 2 is dominant, we may crudely approximate σ by a delta function, so that the structure function D(k 2 ) has the form (
corresponding to an approximately linear potential for R ≪ 1/ √ K 2 . For a general discussion, also covering the question of possible multipole contributions to ρ, may be found in [10] . Multipole terms do not contribute to the superconvergence relation (4).
For values of N F where γ 00 > 0, β 0 < 0, we have for k 2 > K 2 , in contrast to Eq.(12),
There is no superconvergence relation, and σ has a minimum at K 2 . We There are no superconvergence relations for the quark propagator. However, one can connect the results described above with a criterion for general color confinement given by Kugo and Ojima [13] , and discussed further by Nishijima [17] .
In Ref. [6] , we have applied our arguments for gluon confinement to supersymmetric theories, concentrating mainly on the gauge field propagator in the Wess-Zumino gauge. One obtains then conditions for the transverse gauge field excitations, which are elementary quanta in the formulation of the theory, to be excluded from the physical state space H.
For N = 1 supersymmetric gauge theories, we write the one-loop coefficients of the function β(g 2 ) and the anomalous dimension γ(g 2 , α = 0) in the
and
where n i is the number of N = 1 chiral superfields in the representation R i . These coefficients are determined by the elementary field content of the theory. We have
which is the condition for the validity of the supercovergence relation (4) for the structure function, and hence for the confinement of the elementary transverse gauge field excitations. As an example, for G = SU(N C ), and matter fields in the fundamental representation N F × (N C + N C ), we have γ 00 < 0, β 0 < 0 for N F < The one loop coefficients of both theories are given by:
Here the coefficients of the dual map have been evaluated at the same number of flavors N d F = N F as the original, electric theory. However, these flavors refer to representations of the magnetic gauge group.
From the above equations, we can extract the following important relationships between electric and magnetic coefficients:
where it is again understood, that the variable N F on both sides refers to matter fields with different quantum numbers in the electric and magnetic functions respectively.
These duality relationships are not restricted to the particular model (19) and (20). For this supersymmetric theory
It is certainly of interest to study further models.
At least within the framework of the N = 1 supersymmetric models discussed here, the relations (19) and (20) N C , which we have discussed on the basis of superconvergence.
Corresponding arguments apply to the magnetic theory, which would the also be conformally invariant at low energies. The problem of duality of these conformal theories has been discussed in [3, 19] .
For the supersymmetric models considered, criteria for the confinement of transverse gauge particles, which are based upon superconvergence of the propagator, are in agreement with the results of the duality approach, but other models should be studied. We recall that the superconvergence arguments are also applicable to non-supersymmetric gauge theories like QCD.
